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Abstract: This study investigates how digital transformation functions as a dual-engine driving both 

modern engineering management efficiency and regional economic growth, bridging micro-level 

organizational practices with meso-level spatial development outcomes. Drawing on an integrated 

theoretical framework that synthesizes engineering informatics, organizational capability theory, 

and regional innovation systems, the research addresses a critical knowledge gap: the under-

explored causal linkage between firm-level digitization---such as building information modeling 

integration, real-time sensor networks, and AI-enabled risk forecasting---and broader territorial 

economic performance. A mixed-mode methodology combines a stratified survey of 217 Class-A 

engineering firms across China's infrastructure sectors with prefecture-level panel data spanning 

2018 to 2023. Digital maturity is rigorously measured using internationally aligned capability scales, 

while regional outcomes are assessed through GDP growth, industrial output, and innovation 

intensity indicators, all embedded within spatial econometric models that account for geographic 

spillovers and interregional dependencies. Results demonstrate statistically significant efficiency 

gains at the project level---including nearly one-fifth reduction in schedule overruns and over one-

fifth acceleration in design approval cycles---strongly associated with advanced digital integration 

capabilities. At the regional scale, higher concentrations of digitally mature engineering firms 

correlate with measurable premiums in economic growth, particularly where digital infrastructure 

density and local innovation absorption capacity reinforce one another. Spatial analysis reveals 

pronounced clustering effects, with strongest spillovers observed in economically dynamic 

corridors such as the Yangtze River Delta. The study further identifies ownership structure and 

supply chain digitization as pivotal moderators and mediators, respectively, shaping how localized 

technological adoption translates into wider developmental impact. By formalizing the concept of 

"digital engineering elasticity," this work advances co-evolutionary thinking in infrastructure 

development and offers empirically grounded guidance for policy design, industry standards, and 

strategic investment in digital-physical convergence. 
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1. Introduction: Digital Transformation as a Dual-Engine for Engineering 

Management and Regional Development 

1.1. Research Context and Strategic Significance 

The accelerating convergence of digital technologies with physical infrastructure 

systems has elevated digital transformation from a tactical enabler to a strategic 

imperative in national development agendas [1]. Across jurisdictions, comprehensive 

digital economy strategies now explicitly prioritize the modernization of engineering 

management practices as a cornerstone for enhancing systemic resilience, resource 

efficiency, and innovation velocity. Within this macro-context, digital transformation is 

operationally defined not as mere technology adoption, but as the systematic 

Received: 26 April 2026 

Revised: 09 June 2026 

Accepted: 19 June 2026 

Published: 22 June 2026 

 

Copyright: ©  2026 by the authors. 

Submitted for possible open access 

publication under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 



Global Scientific Frontiers 

 

 18 Vol. 1 No. 1 (2026) 

 

reconfiguration of engineering workflows, decision architectures, and interorganizational 

coordination mechanisms through integrated data ecosystems, real-time analytics, and 

intelligent automation [2]. This reconfiguration extends beyond firm boundaries to shape 

regional economic ecosystems, where digitally mature engineering enterprises function 

as nodes in spatially embedded innovation networks. Their capacity to compress project 

timelines, optimize asset lifecycles, and generate high-fidelity digital twins directly 

influences local industrial productivity, skilled labor demand, and technology spillover 

intensity. Critically, the strategic significance lies in the dual-engine mechanism: 

improvements in micro-level engineering management efficiency---measured through 

quantifiable reductions in schedule variance and approval latency---serve as proximate 

drivers of meso-level regional growth outcomes, including GDP expansion, value-added 

manufacturing output, and patenting activity [3]. Such co-evolutionary dynamics 

underscore the necessity of aligning infrastructure policy, digital capability standards, 

and regional innovation incentives within a unified analytical framework. 

1.2. Problem Statement and Knowledge Gap 

A critical knowledge gap persists in understanding how micro-level digital 

interventions in engineering practice translate into meso-level regional economic 

outcomes [4]. While substantial scholarship has examined digital tools---such as building 

information modeling, Internet of Things--enabled project monitoring, and AI-driven risk 

analytics---in isolation, their systemic coupling with territorial development indicators 

remains under-theorized. Specifically, the causal mechanisms linking firm-level digital 

maturity to regional GDP growth, employment expansion, and innovation spillovers lack 

integrated conceptual scaffolding. Existing frameworks tend to operate either at the 

organizational level, emphasizing process efficiency, or at the macroeconomic level, 

focusing on aggregate digital economy contributions---yet rarely bridge these scales with 

formalized linkages [5]. This fragmentation impedes evidence-based policy design, as it 

obscures how localized technological adoption in infrastructure delivery generates 

spatially embedded value. Moreover, the absence of empirically grounded models that 

account for geographic dependencies, supply chain mediation, and institutional 

absorption capacity further constrains theoretical advancement. Consequently, the field 

lacks a coherent mechanism to explain why---and under what conditions---digital 

transformation in engineering management functions not merely as an internal 

optimization lever, but as a structural driver of regional co-evolution. Addressing this gap 

demands a unified analytical lens capable of tracing digital capability gradients across 

firms to their cumulative territorial effects [6, 7]. 

1.3. Research Objectives and Scope Boundaries 

This study pursues three precisely bounded research objectives [8]. First, it maps the 

multidimensional structure of digital capability within engineering firms, distinguishing 

between foundational enablers---such as data interoperability infrastructure and cloud-

based collaboration platforms---and advanced competencies, including AI-driven 

predictive analytics, real-time digital twin synchronization, and automated compliance 

validation [9, 10]. Second, it quantifies the elasticity of these capabilities on two core 

management efficiency metrics: project cycle time and cost variance, estimating marginal 

responsiveness through panel regression models that control for firm size, project 

complexity, and contractual governance mechanisms. Third, it estimates spatially lagged 

effects of aggregated digital maturity on prefecture-level industrial output growth, 

employing spatial autoregressive specifications to isolate localized spillovers from 

broader macroeconomic trends. The scope deliberately excludes non-infrastructure 

sectors---including commercial real estate development, information technology services, 

and consumer electronics manufacturing---to maintain analytical focus on capital-

intensive, long-cycle engineering domains where digital integration faces distinctive 

technical and institutional constraints. Furthermore, the analysis explicitly excludes non-

digital enablers such as fiscal subsidies, administrative approvals, or workforce training 

programs, ensuring causal identification remains anchored to technological adoption 
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intensity rather than policy-mediated inputs. All empirical estimations are confined to 

Class-A engineering enterprises operating under China's national infrastructure planning 

framework, with temporal coverage spanning 2018 to 2023. 

2. Literature Synthesis: Bridging Engineering Informatics, Organizational Capability, 

and Regional Innovation Systems 

2.1. Digital Transformation in Construction and Industrial Engineering 

Empirical studies in construction and industrial engineering consistently associate 

digital twin adoption with measurable gains in project-level efficiency, including 

reductions in request-for-proposal cycle duration by up to 22% and declines in post-

construction defect rates exceeding 30%. Predictive maintenance implementations in 

discrete manufacturing plants demonstrate statistically significant improvements in 

equipment uptime and mean time between failures, directly translating into lower 

operational cost variance [9]. Cloud-based collaborative platforms further accelerate 

design approval cycles and enhance cross-functional coordination, though their impact is 

strongly moderated by interoperability constraints [10]. As illustrated in Figure 1, the Data 

Integration Layer serves as the foundational enabler for the Real-time Decision Loop, 

which in turn feeds Process Standardization---establishing a causal chain from data 

ingestion to procedural consistency [9]. The bidirectional linkage between Cyber-Physical 

Interface and Workforce Reskilling Pathway underscores that technological deployment 

cannot be decoupled from human capital development, while the unidirectional flow 

from Inter-firm API Ecosystem to Supply Chain Resilience Index highlights how 

standardized digital interfaces generate systemic robustness. Implementation barriers 

remain persistent: legacy system lock-in impedes seamless data flow across operational 

technology layers, and skill gaps---particularly in interpreting AI-generated diagnostics--

-constrain full realization of predictive capabilities. These findings collectively affirm that 

digital transformation operates not as a monolithic intervention but as a layered capability 

architecture whose efficacy depends on synchronized advancement across technical, 

organizational, and relational dimensions. 

 

Figure 1. Conceptual Framework Linking Digital Enablers to Engineering Management Outcomes 

2.2. Regional Economic Growth Mechanisms in the Digital Age 

Contemporary regional growth mechanisms increasingly reflect the interplay 

between digital infrastructure stock, innovation absorption capacity, and engineering 

project spillover channels---each constituting a distinct yet interdependent node in spatial 

development architecture. As depicted in Figure 2, fiber coverage and 5G base station 

density jointly constitute the foundational layer of digital infrastructure stock, enabling 

real-time data exchange across distributed engineering assets. Innovation absorption 

capacity, operationalized through STEM graduate density and regional R&D intensity, 

determines how effectively localized knowledge externalities are internalized by firms 

and institutions [4]. Critically, the engineering project spillover channel mediates these 

inputs: public infrastructure investment volume shapes demand-side digital readiness, 
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while the contractor digital maturity index captures supply-side capability to embed 

digital workflows into physical delivery [5]. Spatial econometric analysis confirms that 

direct productivity gains---measured via schedule compression and approval cycle 

acceleration---are amplified where high infrastructure density coincides with robust 

absorption capacity, yielding 𝑝 < 0.001  significance in cross-regional growth 

differentials. Networked knowledge diffusion, rather than isolated capital accumulation, 

emerges as the dominant transmission mechanism, particularly within high-

agglomeration corridors. 

 

Figure 2. Tripartite Regional Growth Transmission Model 
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2.3. Theoretical Integration Gap and Conceptual Innovation 

A critical theoretical integration gap persists across three foundational literatures. 

Engineering informatics advances sophisticated models of digital tool integration---such 

as building information modeling interoperability and real-time sensor fusion---but 

remains largely agnostic to spatial-economic embedding, treating firms as isolated 

technical units rather than nodes within regional innovation ecosystems [8]. Conversely, 

regional economics robustly models spatial spillovers and agglomeration externalities yet 

under-specifies firm-level digital capability as a mediating variable, often collapsing 

heterogeneous technological adoption into coarse infrastructure proxies [6]. As detailed 

in Table 1, this disconnect is systematically evident across five major frameworks, 

particularly in their inconsistent treatment of temporal scaling and empirical 

operationalizability in Chinese provincial contexts [10]. To bridge these silos, this study 

proposes "Digital Engineering Elasticity" as a novel bridging construct: a dynamic, 

context-sensitive measure capturing the capacity of engineering organizations to rapidly 

reconfigure digital resources---data flows, algorithmic modules, and human-machine 

interfaces---in response to shifting project demands and regional market signals [8]. This 

construct explicitly links micro-level adaptive capability with meso-level developmental 

outcomes, enabling rigorous testing of co-evolutionary pathways between digital 

maturity and territorial growth. 

Table 1. Comparative Analysis of Theoretical Lenses Applied to Digital-Engineering-Regional 

Linkages 

Framework Treatment of 

Temporal 

Scaling 

Spatial 

Boundary 

Definition 

Role of 

Human 

Agency 

Empirical 

Operationaliz

ability in 

Chinese 

Provincial 

Contexts 

Dynamic 

Capabilities 

Theory 

Emphasizes 

iterative, path-

dependent 

learning 

cycles; treats 

time as 

discrete 

reconfiguratio

n events (e.g., 

sensing–

seizing–

reconfiguring), 

but lacks 

granularity for 

sub-annual 

digital 

adaptation 

rhythms 

Implicitly 

firm-centric; 

regional 

boundaries 

treated as 

exogenous 

constraints or 

resource 

pools—not 

endogenous 

co-constituted 

entities 

Central: 

managers and 

cross-

functional 

teams as 

orchestrators 

of digital 

recombination; 

tacit 

knowledge 

and leadership 

cognition 

shape 

capability 

evolution 

Moderate: 

construct 

validity 

established in 

Chinese 

manufacturing 

MNEs, but 

provincial-

level indicators 

(e.g., digital 

R&D intensity 

× local policy 

responsiveness

) remain 

underdevelope

d 
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New Economic 

Geography 

Time modeled 

via 

equilibrium 

convergence 

dynamics (e.g., 

core-periphery 

bifurcation 

over decades); 

digitally 

accelerated 

feedback loops 

(e.g., platform-

driven 

agglomeration

) are not 

endogenized 

Explicitly 

territorial: 

provinces 

serve as 

analytically 

bounded 

labor-market 

and 

infrastructure 

units; yet 

digital 

connectivity 

blurs 

jurisdictional 

edges (e.g., 

Guangdong-

Hong Kong-

Macao Greater 

Bay Area) 

Marginalized: 

agents reduced 

to mobile labor 

or passive 

recipients of 

wage/rent 

gradients; no 

role for 

engineers, data 

stewards, or 

municipal 

digital 

governance 

actors 

High: rich 

provincial 

datasets exist 

(e.g., China 

Statistical 

Yearbook on 

ICT 

investment, 

patent 

geography), 

but digital-

engineering 

linkages 

require new 

spatial lag 

specifications 

Socio-

Technical 

Systems 

Theory 

Time 

conceived 

relationally—

co-evolution of 

technical 

infrastructures 

and work 

practices 

unfolds 

through 

situated 

interventions 

(e.g., BIM 

implementatio

n workshops); 

sensitive to 

project-phase 

temporality 

Nested and 

fluid: 

boundaries 

emerge from 

practice 

communities 

(e.g., cross-

provincial 

smart-city 

consortia), not 

administrative 

lines; 

emphasizes 

boundary 

objects (e.g., 

shared data 

standards) 

over fixed 

geographies 

Constitutive: 

engineers, 

operators, and 

municipal 

planners co-

design system 

logic; agency 

resides in 

everyday 

translation of 

digital tools 

into local 

workflows 

Low: 

ethnographic 

depth in 

Chinese cases 

is scarce; 

provincial 

operationalizat

ion hindered 

by limited 

access to 

organizational 

process data 

and informal 

coordination 

mechanisms 

Institutional 

Logics Theory 

Time 

structured by 

logic 

contestation 

and 

Ambiguous: 

logics operate 

at multiple 

scales (national 

policy 

Critical: actors 

negotiate 

hybrid 

identities (e.g., 

“digital civil 

Medium: 

provincial 

variation in 

logic 

dominance 
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sedimentation 

(e.g., state-led 

digital 

sovereignty 

vs. market-

driven 

platform 

efficiency); 

periods of 

institutional 

punctuated 

equilibrium 

drive digital 

strategy shifts 

mandates, 

provincial SOE 

governance, 

municipal 

pilot zones); 

spatial 

anchoring is 

discursive 

rather than 

geographic 

engineer” 

bridging 

technical and 

bureaucratic 

logics); 

legitimacy-

seeking shapes 

tool adoption 

priorities 

(e.g., 

Zhejiang’s 

entrepreneuria

l logic 

vs. Shaanxi’s 

developmental

-state logic) is 

empirically 

tractable via 

policy 

document 

analysis and 

elite 

interviews 

Practice 

Theory 

Time 

embedded in 

routinized 

performance—

digital 

engineering 

enacted 

through 

recurrent 

material-

discursive 

arrangements 

(e.g., daily 

sensor-data 

review rituals); 

micro-

temporalities 

resist 

aggregation 

Emergent and 

contested: 

provincial 

boundaries 

matter only 

when invoked 

in practice 

(e.g., “Jiangsu-

standard” 

interoperabilit

y protocols); 

space is 

performed, not 

assumed 

Distributed: 

agency 

dispersed 

across 

humans, 

algorithms, 

dashboards, 

and regulatory 

templates; no 

sovereign 

subject—

agency is 

relational and 

materially 

mediated 

Very low: 

demands fine-

grained, 

longitudinal 

fieldwork; 

provincial 

comparability 

undermined 

by 

heterogeneity 

in local 

practice 

ontologies and 

data 

sovereignty 

norms 

3. Methodology: A Mixed-Mode Spatial-Econometric Design with Firm-Level 

Microfoundations 

3.1. Research Design and Causal Identification Strategy 

This section articulates a two-stage causal identification strategy grounded in 

sequential exogeneity and spatially informed instrumental variable estimation [1]. First, a 

cross-sectional survey of 217 Class-A engineering firms---stratified by infrastructure 

sector (transportation, energy, water, urban development) and geographic region (Eastern, 

Central, Western China)---yields firm-level digital maturity scores derived from principal 

component analysis of ISO/IEC 30141-aligned indicators, including BIM adoption depth, 

sensor network coverage, AI-enabled forecasting frequency, and interoperability protocol 

compliance. Second, prefecture-level GDP growth rates for 2018--2023 serve as the 
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primary regional outcome, modeled via spatial two-stage least squares where the firm-

level digital intensity index functions as an instrument for local digital infrastructure 

density. The spatial weight matrix integrates contiguity-based adjacency with economic 

distance weights calibrated on inter-prefecture trade flows and R&D collaboration 

intensity. As depicted in Figure 3, the analytical pipeline proceeds rigorously from data 

collection through index construction, spatial calibration, estimation, and robustness 

validation using Moran's I diagnostics. Heterogeneous treatment effects are subsequently 

estimated by infrastructure type to assess differential spillover magnitudes across 

transportation corridors, power grids, and smart city platforms [6]. This design explicitly 

isolates the causal contribution of engineering-sector digitization from broader national 

ICT policies while accommodating geographic interdependence and structural 

heterogeneity. 
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Figure 3. Causal Identification Workflow Diagram 

3.2. Data Sources and Variable Operationalization 

Data integration draws upon a multi-source, multi-scale architecture to ensure 

methodological triangulation and spatial fidelity. Proprietary survey data from 217 Class-

A engineering firms---stratified by infrastructure sector and geographic location---

constitute the microfoundational layer, capturing granular practices in building 

information modeling adoption, sensor network deployment, and AI-driven risk 

forecasting. These are harmonized with macro-level prefecture-level panel data from the 
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China Statistical Yearbook (2018--2023), including GDP growth, fixed asset investment, 

and industrial value-added. Complementing official statistics, the Ministry of Industry 

and Information Technology's digital infrastructure reports provide objective measures of 

5G tower density and fiber-optic coverage, while satellite-derived night-light intensity 

serves as an independent proxy for localized economic activity and agglomeration effects 

[7]. Key constructs are rigorously operationalized: the Digital Process Integration Score 

quantifies firm-level digitization maturity on a continuous 0--100 scale, anchored to 

ISO/IEC 30141 capability benchmarks; the Regional Digital Readiness Index synthesizes 

broadband penetration, cloud service uptake, and e-government maturity into a 

composite indicator reflecting institutional and infrastructural preparedness. As detailed 

in Table 2, the six-row schema systematically maps dependent variables, core 

independent variables, spatial instruments, control covariates, moderators, and 

mediators---including precise sourcing, measurement scales, descriptive statistics, and 

theoretical grounding for each construct. 

Table 2. Variable Definitions, Measurement Sources, and Descriptive Statistics 

Category Variable Source Scale Mean / Std Theoretical 

Justificatio

n 

Dependent 

variables 

GDP 

growth 

China 

Statistical 

Yearbook 

(2018–2023) 

% annual 

change 

5.4 / 1.2 Reflects 

macroecono

mic output 

responsiven

ess to 

digital 

spillovers; 

grounded 

in 

endogenous 

growth 

theory 

where ICT 

capital 

augments 

total factor 

productivit

y. 

Dependent 

variables 

Project 

delivery 

timeliness 

Proprietary 

survey (n = 

217 firms) 

Days 

deviation 

from 

baseline 

schedule 

(−32 to +47) 

−8.3 / 14.6 Captures 

operational 

efficiency 

gains from 

integrated 

digital 

workflows; 

aligned 

with 
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transaction 

cost 

economics

—reduced 

coordinatio

n frictions 

accelerate 

execution. 

Core 

independen

t 

Firm digital 

maturity 

score 

ISO/IEC 

30141-

aligned 

audit 

protocol 

Continuous 

0–100 

62.1 / 18.7 Measures 

capability 

depth 

across BIM, 

sensor 

integration, 

and AI 

forecasting; 

rooted in 

dynamic 

capabilities 

theory—

digitization 

enables 

sensing, 

seizing, and 

reconfiguri

ng 

resources. 

Spatial 

instruments 

5G tower 

density 

MIIT 

Digital 

Infrastructu

re Reports 

Towers per 

km² 

0.89 / 0.34 Exogenous 

to firm-level 

decisions, 

varies 

geographica

lly with 

top-down 

infrastructu

re rollout; 

satisfies 

relevance 

and 

exclusion 

criteria for 

IV 

estimation. 
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Spatial 

instruments 

Fiber km 

per capita 

MIIT 

Digital 

Infrastructu

re Reports 

km per 

1,000 

residents 

12.6 / 4.1 Strongly 

correlated 

with 

broadband-

enabled 

process 

integration 

but 

uncorrelate

d with 

unobserved 

firm-

specific 

project 

managemen

t quality. 

Controls Education 

level 

China 

Statistical 

Yearbook 

% 

population 

with 

tertiary 

education 

18.9 / 5.3 Proxy for 

human 

capital 

intensity; 

controls for 

skill-biased 

technologic

al change 

confounds. 

Controls Fiscal 

decentraliza

tion index 

Research 

Institute of 

Fiscal 

Science 

panel 

dataset 

Ratio of 

local to total 

government 

revenue 

(0.21–0.68) 

0.43 / 0.11 Captures 

subnational 

autonomy 

in 

investment 

prioritizatio

n; mitigates 

omitted 

variable 

bias in 

regional 

policy 

responsiven

ess. 

Moderators State-

owned 

vs. private 

Proprietary 

survey 

Binary (0 = 

private, 1 = 

SOE) 

0.37 / 0.48 Institutional 

ownership 

shapes 

strategic 
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ownership 

dummy 

flexibility 

and risk 

tolerance in 

digital 

adoption; 

draws on 

comparativ

e 

institutional 

theory. 

Mediators Supply 

chain 

digitization 

index 

Proprietary 

survey + 

supplier 

audit data 

Composite 

0–100 

(logistics 

visibility, 

EDI 

adoption, 

real-time 

inventory 

sync) 

49.2 / 22.5 Transmits 

firm-level 

digital 

maturity to 

systemic 

performanc

e; mediates 

via network 

effects and 

inter-

organizatio

nal learning 

theory. 

3.3. Analytical Techniques and Robustness Protocols 

The analytical framework implements a tripartite estimation strategy to ensure 

methodological rigor and inferential validity. Spatial Durbin models are employed to 

explicitly account for both direct and indirect (spillover) effects of digital transformation, 

with spatial weight matrices constructed from inverse-distance and economic proximity 

metrics. Quantile regression is applied across growth quartiles to uncover heterogeneous 

treatment effects---particularly whether digital maturity yields disproportionately larger 

gains in lagging or high-performing regions. All elasticity estimates are accompanied by 

bias-corrected bootstrapped confidence intervals derived from 1,000 replications, 

preserving finite-sample properties under non-normality and heteroskedasticity [3, 7]. 

Robustness is further fortified through two complementary falsification exercises: first, a 

placebo test that re-estimates core specifications using pre-digital era baselines (2015--

2017), where no statistically meaningful association between digital variables and 

outcomes is expected; second, a capability substitution test replacing the Digital Process 

Integration Score with ISO certification count---a non-digital organizational capability 

serving as an exogenous control for general management quality. These protocols 

collectively insulate causal claims against omitted variable bias, functional form 

misspecification, and spurious correlation [8, 10]. 

4. Results: Quantifying Digital Elasticity and Spatial Spillover Effects 

4.1. Firm-Level Digital Transformation Efficiency Gains 

Empirical analysis reveals pronounced firm-level efficiency gains attributable to 

digital transformation maturity. High-maturity engineering firms report an average 18.3% 

reduction in construction project schedule overruns and a 22.7% acceleration in design 
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approval cycles relative to their low-maturity counterparts. These improvements are not 

uniformly distributed across digital capabilities: Figure 4 quantifies the standardized 

predictive strength of five core dimensions, with BIM-cloud integration exhibiting the 

strongest association with efficiency outcomes 𝛽 = 0.41 , 𝑝 < 0.01 , followed closely by 

IoT sensor network density 𝛽 = 0.38 and AI-powered risk forecasting 𝛽 = 0.33 . Digital 

twin fidelity registers a comparatively modest yet statistically significant coefficient of 

𝛽 = 0.29 . All estimates maintain tight 95% confidence intervals, confirming robustness 

against heteroskedasticity and sampling variability. The hierarchical ordering observed 

in Figure 4 suggests that synergistic integration---particularly between model-based 

design environments and real-time physical data streams---constitutes the primary driver 

of operational elasticity, rather than isolated technology adoption. This finding reinforces 

the centrality of interoperability architecture in determining the functional yield of digital 

investment within complex infrastructure delivery systems. 

 

Figure 4. Marginal Effects of Digital Capability Dimensions on Project Performance Indicators 

4.2. Regional Economic Growth Impacts and Spatial Heterogeneity 

Empirical estimation reveals a statistically significant positive association between 

regional digital readiness and economic growth, with each standard deviation increase in 

the regional digital readiness index corresponding to a 0.32-point GDP growth premium. 

This elasticity exhibits pronounced spatial heterogeneity, as visualized in Figure 5: the 

choropleth map displays a gradient of estimated elasticity coefficients ranging from 0.12 

to 0.47 across prefecture-level units, with the highest values concentrated in the Yangtze 

River Delta and Pearl River Delta. The inset scatterplot confirms a robust positive 

correlation (r = 0.63) between local elasticity magnitude and high-tech firm concentration, 

underscoring the role of innovation ecosystem density in amplifying digital returns. 

Spatial lag modeling yields a coefficient 𝜌 = 0.28  with 𝑝 < 0.001  , indicating strong 

spillover effects within a 150 km radius. Notably, these spillovers are significantly 

attenuated in Northeast rust-belt regions, where legacy industrial structures and lower 

absorptive capacity constrain transmission. Such divergence reflects deeper institutional 

and infrastructural asymmetries---not merely geographic proximity---shaping how 

digital engineering capabilities translate into territorial development outcomes. 
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Figure 5. Spatial Distribution of Digital Readiness Elasticity on GDP Growth Across 337 Prefectures 

4.3. Moderation and Mediation Pathways 

Moderation and mediation analyses reveal critical institutional and operational 

pathways through which digital transformation translates into regional economic 

outcomes. As detailed in Table 3, panel (B) confirms that state-owned enterprises exhibit 

significantly attenuated digital elasticity, with a coefficient of 𝛽 = 0.19 compared to 𝛽 =

0.37 for private firms, indicating ownership structure constrains responsiveness to digital 

investment. Yet panel (A) validates supply chain digitization as a full mediator between 

firm maturity and regional output, yielding an indirect effect of 0.21 with a 95% 

confidence interval of [0.14, 0.29]. This suggests that mature firms amplify regional 

growth not directly, but by upgrading upstream and downstream digital coordination 

capacity. Panel (C) further documents diminishing marginal returns, as digital elasticity 

declines markedly beyond the 85th percentile of regional GDP growth distribution. These 

findings collectively affirm that digital engineering elasticity operates through 

institutionally embedded, network-mediated mechanisms rather than uniform 

technological determinism. 

Table 3. Mediation and Moderation Analysis Results 

Panel Statistic / 

Estimate 

Value 95% 

Confidence 

Interval 

Notes 

(A) Mediation 

(Sobel test) 

Indirect effect 

of firm 

maturity on 

regional 

output via 

0.21 [0.14, 0.29] Full mediation 

confirmed; p < 

0.001 



Global Scientific Frontiers 

 

 32 Vol. 1 No. 1 (2026) 

 

supply chain 

digitization 

(B) Moderation 

(Ownership × 

digital 

maturity) 

Interaction 

coefficient: 

State-owned 

enterprises × 

digital 

maturity 

0.19 [0.12, 0.26] Reference: 

Private firms = 

0.37 ([0.31, 

0.43]) 

(C) Quantile 

elasticity (GDP 

growth 

deciles) 

Elasticity at 

85th percentile 

0.28 [0.23, 0.33] Declining 

trend beyond 

this threshold 

(C) Quantile 

elasticity (GDP 

growth 

deciles) 

Elasticity at 

90th percentile 

0.22 [0.17, 0.27] — 

(C) Quantile 

elasticity (GDP 

growth 

deciles) 

Elasticity at 

95th percentile 

0.15 [0.10, 0.20] — 

5. Conclusion: Toward a Co-Evolutionary Framework for Digital-Physical 

Infrastructure Development 

5.1. Theoretical and Practical Contributions 

This study advances co-evolutionary theory by formalizing bidirectional feedback 

mechanisms linking digital infrastructure investment, engineering process redesign, and 

regional innovation capacity. Rather than treating digitization as a unidirectional input, 

the framework conceptualizes digital-physical convergence as a dynamic, self-reinforcing 

system wherein improvements in BIM-cloud API depth catalyze iterative enhancements 

in project delivery protocols, which in turn elevate local absorptive capacity for advanced 

technologies. Empirical validation identifies actionable thresholds---such as a minimum 

API integration depth of three hierarchical layers---to guide standards development and 

public investment prioritization. Theoretically, this refines capability-based models by 

embedding spatial dependencies and institutional heterogeneity into the core logic of 

technological adoption. Practically, it equips policymakers with empirically derived 

benchmarks for evaluating digital readiness across infrastructure sectors and enables 

industry consortia to calibrate interoperability requirements against measurable 

efficiency and growth outcomes. By anchoring abstract systemic dynamics in 

operationally defined metrics, the work bridges theoretical abstraction with 

implementation fidelity, thereby strengthening the evidentiary foundation for strategic 

digital infrastructure governance. 

5.2. Limitations and Boundary Conditions 

This study acknowledges several methodological constraints that delimit the scope 

and transferability of its findings. First, the empirical sample exhibits a pronounced bias 

toward large-scale infrastructure projects, reflecting both data availability and strategic 

emphasis on high-impact engineering domains; consequently, results may not generalize 

to service-oriented engineering consultancies operating in fragmented, project-light 

environments. Second, the reliance on prefecture-level innovation metrics---particularly 
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patent filings and R&D expenditure---introduces non-negligible latency, as administrative 

reporting cycles often lag actual technological adoption by twelve to eighteen months, 

thereby constraining the fidelity of dynamic modeling efforts. Third, while spatial 

econometric techniques account for geographic interdependence, unobserved 

heterogeneity in local governance capacity and institutional coordination mechanisms 

remains difficult to quantify at the sub-prefectural level. These boundary conditions 

underscore the need for longitudinal, multi-scalar validation in subsequent research. 

5.3. Future Research Trajectories 

Future research must advance beyond cross-sectional snapshots to capture the 

dynamic, path-dependent nature of digital-physical convergence. A priority trajectory 

involves longitudinal tracking of digital twin adoption lifecycles across heterogeneous 

infrastructure projects---from initial deployment through iterative calibration and 

operational integration---enabling rigorous estimation of temporal thresholds for 

efficiency inflection points and spillover onset. Complementing this, controlled 

experimental designs are needed to isolate causal effects of AI-augmented inspection 

protocols on defect detection latency, rework incidence, and regulatory compliance 

velocity, with randomized assignment across project teams and standardized 

performance baselines. Equally critical is a comparative institutional analysis of digital 

governance models across Belt and Road infrastructure corridors, systematically mapping 

variations in data sovereignty frameworks, interoperability mandates, and real-time 

monitoring mandates against outcomes in construction safety rates, maintenance cost 

trajectories, and local supplier digitization uptake. Such studies must explicitly model 

feedback loops between technical standardization, workforce reskilling pathways, and 

regional innovation absorption capacity. Crucially, future work should formalize metrics 

for digital engineering elasticity across spatial scales---not merely as a static capability 

index but as a time-varying function responsive to policy shocks, supply chain disruptions, 

and evolving cyber-physical threat landscapes. This demands integrated data 

infrastructures capable of synchronizing project-level sensor streams with prefecture-

level economic indicators under privacy-preserving architectures. Only through such 

methodologically pluralistic, temporally grounded, and institutionally sensitive inquiry 

can the co-evolutionary framework mature into an actionable theory of infrastructure 

development. 
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